METHOD FOR ANALYZING WAVINESS OF A SURFACE 



DESCRIPTION 



CROSS-REFERENCE TO RELATED APPLICATIONS 

[Para 1] This application claims the benefit of U.S. provisional application 
Serial No. 60/498,080 filed August 26, 2003. 



BACKGROUND OF THE INVENTION 
[Para 2] 1. Field of the Invention 

[Para 3] The present invention relates to a method for determining the 

waviness of a surface, and more particularly to a method for predicting gaps between 
mating surfaces of an assembly due to waviness of the surface. 

[Para 4] 2. Background Art 

[Para 5] Surface profiling instruments, such as profilometers, are used 

to measure a profile of a surface. Raw data obtained by the surface profiling 
instrument is filtered to produce data indicative of surface finish quality. One type of 
data that can be extracted is known as waviness, which focuses on longer wavelength 
undulations of the surface. 

[Para 6] A waviness parameter known as Wj measures the maximum 

peak to valley height of the surface over a sampled distance. Prior filtering techniques 
for extracting parameters such as Wj severely attenuate the true waviness profile of 
the surface, yielding a Wj waviness parameter value that is substantially lower than 
the actual value. 

[Para 7] Applicants of the present invention have recognized that prior 

filtering and measurement techniques are not sensitive to localized changes in 
waviness and cannot distinguish or detect regions where waviness changes rapidly. 



Page 1 of 17 



Such filtering and measurement deficiencies were not previously known by those 
skilled in the art. In addition. Applicants have discovered that the detection of 
different waviness regions or localized changes in waviness is beneficial in predicting 
sealing problems between mating surfaces of an assembly, such as between a gasket 
and one or more mating surfaces. 

[Para 8] Before Applicants' invention, there was a need to more 

accurately determine the waviness of a surface. Moreover, there was a need for 
improved surface profile data analysis techniques that could detect different waviness 
regions or localized changes in waviness. In addition, there was a need for improved 
data analysis techniques to predict gaps between mating part surfaces of an assembly 
before assembling parts together. Problems associated with the prior art as noted 
above and other problems are addressed by the Applicants' invention as summarized 
below. 



SUMMARY OF THE INVENTION 

[Para 9] According to one aspect of the present invention, a method for 

analyzing waviness of a surface is provided. The method includes the steps of 
measuring a height of the surface over a predetermined distance with a surface 
profiling instrument, filtering data gathered with the surface profiling instrument to 
produce a set of data points indicative of a waviness profile, selecting a subset of the 
set of data points, determining a peak value and a valley value of the subset, 
calculating a waviness height of the subset based on the peak and valley values, 
repeating the selecting, determining, and calculating steps for additional subsets until 
all members of the set of data points have been selected, and selecting a maximum 
waviness height value from the waviness height values calculated for each subset. 
This methodology more accurately analyzes the waviness of the surface and facilitates 
the detection of localized changes in waviness. 

[Para 10] The method may include the step of comparing the maximum 

waviness height value to a threshold value and generating an acceptance signal if the 
maximum waviness height value is less than the threshold value or generating a reject 
signal if the maximum waviness height value is greater than the threshold value. 

[Para 11] The subset may include a predetermined member of 

consecutive data points. Each subset may include the same number of data points. 
Each subset may include at least one data point included in a previous subset and may 
include at least one data point not included in a previous subset. 

[Para 12] The predetermined distance may be at least two cutoffs longer 

than a specified number of cutoffs, such as eighteen times greater than a specified 
cutoff length. 
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[Para 13] According to another aspect of the present invention, a method 

for analyzing waviness of a machined surface is provided. The method includes the 
steps of obtaining a data set having a plurality of sequential data points indicative of a 
waviness profile of the machined surface, establishing a size of a data processing 
window representing a predetermined number of sequential data points, positioning 
the data processing window to include a first data point in the data set, selecting a 
subset of the data set, determining a peak value and a valley value of the subset, 
calculating a peak-to-valley waviness height based on the difference between the peak 
and valley values, indexing the data processing window to select another subset 
having at least one different member than a previous subset, and repeating the 
selecting, determining, calculating, and indexing steps for additional subsets until each 
data point in the data set has been selected at least once. 

[Para 14] The method may include the step of reevaluating the size of 

the data processing window size for different analysis iterations with each analysis 
window yielding a maximum waviness value over the predetermined distance for 
different window sizes selected. The data processing window may be indexed such 
that a first sequential data point in the subset is removed from the subset. This is 
removed from the subsequent subset and the next data point in sequence is added to 
the subset. The data processing window may be indexed by more than one data point 
each iteration. The data processing window size may be five times greater than a 
cutoff length representative of a spacial frequency. 

[Para 15] According to another aspect of the present invention, a method 

for predicting leakage between a gasket and a surface of a part is provided. The 
method includes measuring a height of the surface over a predetermined distance with 
a surface profiling instrument, determining a waviness profile having a set of data 
points, selecting a subset of the set of data points that includes a predetermined 
number of consecutive data points, determining a peak value and a valley value of the 
subset, calculating a peak-to-valley height of the subset based on a difference 
between the peak and valley values, repeating the selecting, determining, and 
calculating steps for additional subsets until all data points have been selected at least 
once, selecting a maximum waviness height value from the peak-to-valley heights 
calculated for each subset, comparing the maximum waviness height value to a 
threshold value indicative of a localized waviness region, and rejecting the part if the 
maximum waviness height value exceeds the threshold value. 

[Para 16] The surface profiling instrument may be a profilometer. The 

part may be an engine block or a cylinder head. 

BRIEF DESCRIPTION OF THE DRAWINGS 
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[Para 17] Figure 1 is a magnified section view of a gaslcet and a surface 

of a part. 

[Para 18] Figure 2 is a flowchart of a method for analyzing waviness of 

the surface. 

[Para 19] Figures 3A-3C are plots depicting analysis of the part surface in 

accordance with the method of Figure 2. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT(S) 

[Para 20] Referring to Figure 1, a magnified section view of an assembly 

10 is shown. The assembly includes a first part 12 having a first mating surface 14 
and a second part 16 having a second mating surface 18. 

[Para 21] The first and second parts 12,16 may have any suitable 

configuration and may be of any suitable type. For example, the first part 12 may be 
a component associated with an internal combustion engine, such as an engine block 
or cylinder head, and the second part 16 may be a seal or gasket having one or more 
layers. In the embodiment shown in Figure 1, the second part 16 is configured as a 
gasket and includes a first layer 20 and a second layer 22. The second layer 22 is 
disposed adjacent the first layer 20 and is adapted to seal against the first mating 
surface 14. The first and second layers 20,22 may have any suitable configuration and 
may be made of any suitable materials. For example, the first layer 20 may be a metal 
and the second layer 22 may be a polymeric material, such as rubber. 

[Para 22] In an assembly that employs a gasket, it may be desirable to 

configure the first and second mating surfaces 14,18 such that they are parallel to 
each other to facilitate sealing. However, the first and/or second mating surfaces 
14,18 may have a various anomalies or deviations from an ideal or desired surface 
configuration. These deviations may result in a void or gap 24 between the first and 
second mating surfaces 14,18 and lead to fluid leakage. Moreover, the gasket may 
not be able to flex sufficiently to seal the gap if the first mating surface 14 has sharp, 
localized change in slope or waviness. 

[Para 23] Many factors may affect the quality of the surface finish and 

the presence of gaps. Some factors are related to the type of manufacturing process 
employed, such as feed rate, cutting tool rotational speed, tool type, tool settings, 
environmental conditions, and the parallelism, straightness, and orthogonality of 
machine tool axes. In addition, structural attributes of the manufacturing equipment 
may also affect surface quality. For example, if a part is not adequately supported 
during the manufacturing process, the part may deflect or bend in response to the 
load forces imparted by a cutting tool. The part will attempt to return to its original 
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position wlien the load forces are removed, tliereby accentuating tlie curvature or 
waviness of the surface. 

[Para 24] The profile of a surface may be measured with a data 

acquisition device, such as a surface profiling instrument. The surface profiling 
instrument may be of any suitable type, such as a contact or non-contact profilometer. 
For example, in the case of a profilometer having a data acquisition stylus, the stylus is 
placed substantially parallel to the surface being measured and moved in a linear 
direction over the surface for a predetermined distance, also called a traverse length. 
As the stylus moves, a sequence of unfiltered or "raw" data points indicative of the 
vertical profile of the part is collected in a digitized form. 

[Para 25] The raw data may be processed to quantif/ surface profile 

deviations and compared to product and manufacturing specifications to determine 
whether the surface undulations are within specified limits. More specifically, raw data 
obtained by the surface profiling instrument may be filtered to produce data 
representative of surface waviness and roughness. Moreover, a portion of the raw 
data acquired at the ends of the traverse length may be ignored, thereby defining an 
evaluation length, and the remaining data points are filtered and analyzed. 

[Para 26] Waviness data may be produced by applying a digital filter in 

the analysis software employed during data processing. One step in the filtering 
process is to generate a least squares regression line for the raw data in a manner 
known by those skilled in the art. The least squares regression line is then subtracted 
from the raw digitized data to correct for any lack of parallelism between the axis of 
the profilometer stylus and the surface. The resulting profile is then filtered to extract 
the waviness and roughness profiles and their associated parameters. By appropriate 
filtering, short wavelength roughness undulations are suppressed and the waviness 
profile is generated. For example, a cutoff filter may be used to specify the range of 
spatial wavelengths (or the spatial frequencies) in the waviness and roughness data. 

[Para 27] The aforementioned data processing steps over an evaluation 

length equal to a specified number of cutoffs can severely attenuate the measured 
waviness profile of the surface and yield parameter values, such as the maximum 
wave height (denoted "Wj" or "WjMax" below) that are substantially lower than the 
actual or true value. 

[Para 28] Referring to Figure 2, a method for analyzing the waviness of a 

part is shown. The method provides improved detection of localized changes in 
waviness over prior methods and provides improved detection of conditions indicative 
of gaps between mating surfaces of an assembly. 

[Para 29] As will be appreciated by one of ordinary skill in the art, the 

flowchart represents control logic which may be implemented using hardware, 
software, or combination of hardware and software. For example, the various 
functions may be performed using a programmed microprocessor. The control logic 
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may be implemented using any of a number of known programming or processing 
techniques or strategies and is not limited to the order or sequence illustrated. For 
Instance, interrupt or event-driven processing is employed in real-time control 
applications, rather than a purely sequential strategy as illustrated. Likewise, pair 
processing, multitasking, or multi-threaded systems and methods may be used to 
accomplish the objectives, features, and advantages of the present invention. 

[Para 30] This invention is independent of the particular programming 

language, operating system processor, or circuitry used to develop and/or implement 
the control logic illustrated. Likewise, depending upon the particular programming 
language and processing strategy, various functions may be performed in the 
sequence Illustrated at substantially the same time or in a different sequence while 
accomplishing the features and advantages of the present Invention. The Illustrated 
functions may be modified or In some cases omitted without departing from the spirit 
or scope of the present invention. 

[Para 31] At 100, the method begins by measuring the profile of a 

surface with the surface profiling instrument as previously discussed. More specifically, 
raw profile data may be gathered over a long traverse length, such as a predetermined 
distance that Is greater than the specified number of cutoffs. The traverse length or 
predetermined distance may be any suitable distance and may be based on 
quantitative analysis or experimentation. For example, the traverse length may be at 
least two times the specified number of cutoffs, such as eighteen times the cutoff 
length or may exceed 40mm. 

[Para 32] At 102, the method processes the surface profile data. This 

processing may Include fitting a regression line to the raw data, subtracting the 
regression line from the raw data, and filtering the data to obtain a set of data points 
Indicative of the waviness of the surface. 

[Para 33] At 104, the method determines a size of a data analysis 

window. The data analysis window size represents a subset of the set of filtered 
waviness data points. The data analysis window may Include a predetermined number 
of data points and may be have a size less than the traverse length. In one 
embodiment, the window size Is five times the cutoff length specified In accordance 
with product design and manufacturing requirements. 

[Para 34] At 106, the method begins an Iterative sequence of data 

processing steps. At 106, the data analysis window Is positioned to select a particular 
subset of data points. During the first Iteration, the window is positioned to include 
the first data point in the set. During subsequent iterations, the window includes 
subsets of data points that include at least one different member than a previous 
subset as described In more detail below. 

[Para 35] At 108, the method selects data from the current subset and 

determines the maximum wave height for the current subset, denoted Wtn, where n is 
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an integer designating tlie current subset (e.g., the maximum wave lieiglit of tlie first 
subset is Wti, tlie maximum wave lieiglit of the second subset is Wtz, and so on). Wtn 
may be determined as a function of the expression: 

[Para 36] Wtn = Wpn - Wvn 

[Para 37] where: 

[Para 38] n is an integer representative of the current subset, 

[Para 39] Wpn is the maximum peak height in subset n, and 

[Para 40] Wvn is the maximum valley depth in subset n. 

[Para 41] At 110, the method determines whether there is additional data 

to analyze. More specifically, the method determines whether each data point in the 
data set has been included in at least one subset. If there is additional data that has 
not been analyzed, then the method returns to blocks 106 and 108 to select a new 
subset from the set of data points and determine the value of Wtn for the new subset. 
If there is no additional data to analyze, then the method continues at block 112. 

[Para 42] If the method returns to block 106, the data analysis window is 

indexed to a new position such that one or more data points in the previous subset are 
removed and one or more additional data points are included. For example, the 
window may be indexed by one data point such that the first data point in the subset 
from the previous iteration is deleted and the next data point in sequence is added. 
Alternatively, the window may be indexed by more than one data point during each 
iteration. Optionally, the window size may be reevaluated and modified so that the 
window size is not constant for all iterations. 

[Para 43] At 112, the maximum wave height of the profile, designated 

WjMax/ is determined by selecting the overall maximum wave height from the 
maximum wave heights calculated for each subset (i.e., Wti, Wtz, ... Wtn). 

[Para 44] At 114, the method determines whether WjMax is greater than a 

threshold value. If WjMax is greater than the threshold value, then the method 
continues at block 116. If WjMax is not greater than the threshold value, then the 
method continues at block 118. The threshold value may be determined by 
development testing or by quantitative analysis that assesses the material properties 
and configurations of the mating surfaces. 

[Para 45] At 116, a signal indicative of unacceptable surface finish 

waviness is generated. The signal may be communicated to an operator so that 
corrective actions may be taken. In addition, the signal may be used to help contain 
the rejected part and insure that the part is not built up into a final assembly. 

[Para 46] At 118, a signal indicative of acceptable surface finish waviness 

is generated if WjMax is less than the threshold value, indicating an acceptable level of 
waviness. 
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[Para 47] Referring to Figures 3A-3C, a grapliical representation of 

analysis of waviness data in accordance witli tlie method of Figure 2 is sliown. In 
Figures 3A-3C, the vertical axis depicts waviness of the part in micrometers (pm). The 
horizontal axis depicts the displacement along the traverse distance in millimeters 
(mm). In this example, the traverse distance is 50mm. The waviness profile is 
represented by the undulating line. In this example, the data analysis window has a 
width or size of 15mm and is indexed 5mm each iteration. However, the window size 
and index distance may be any suitable amounts as previously discussed. 

[Para 48] In Figure 3A, a data analysis window is represented by the 

rectangle located at the left of the plot. The data analysis window contains a subset of 
the sequence of waviness data points between 0mm to 15mm and is designated 
subset one (n = 1). The maximum peak height from the zero datum in this subset 
(Wpi) is 7.2pm, which occurs at a displacement of approximately 2mm. The maximum 
valley depth of this subset (Wvi) is -3.0pm, which occurs at 15mm. The maximum 
wave height of the first subset (Wu) is 10.2mm [Wti = Wpi - Wvi = 7.2 - (-3.0)]. 

[Para 49] Referring to Figure 3B, the data analysis window is shown 

indexed to a second position. In the second position, the data analysis window 
includes a subset of the sequence of data points between 5mm and 20mm, designated 
subset two (n = 2). The maximum peak height in this subset (Wp2) is 6.0pm, which 
occurs at a displacement of 5mm. The maximum valley depth of this subset (Wvz) is - 
3.0pm, which occurs at 15mm. The maximum wave height of the second subset (Wt2) 
is 9.0mm [Wt2 = Wp2 - Wv2 = 6.0 - (-3.0)]. 

[Para 50] The method continues to index the data analysis window in 

predetermined increments to select additional subsets of data points (in this example, 
eight subsets are evaluated). In this embodiment, the window size remains constant 
during each iteration and may be established in accordance with the specified number 
of cutoffs. Alternatively, the window size may be reevaluated for different data 
analysis purposes, such as troubleshooting or testing. 

[Para 51] Referring to Figure 3C, the data analysis window is shown in an 

eighth position (n = 8). In the eighth position, the data analysis window includes a 
subset of the sequence of data points between 35mm and 50mm. The maximum peak 
height in this subset (Wps) is 18.0pm, which occurs at a displacement of 50mm. The 
maximum valley depth of this subset (Wvs) is -4.5pm, which occurs at approximately 
37mm. The maximum wave height of the eighth subset (Wts) is 22.5mm [Wts = Wps - 
Wv8 = 18.0 - (-4.5)]. 

[Para 52] Once the maximum wave heights have been calculated for each 

subset (in this example Wu, Wt2, ... Wts), then the maximum wave height of the profile 
(WjMax) may be selected and its location may be recorded. In this example, the 
maximum subset wave height is found in the eighth subset (Wts). Therefore, the 
method sets WjMax equal to 22.5mm. 
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[Para 53] The method of the present invention provides less attenuated 

analysis of waviness data. Moreover, this analysis method is sensitive to localized 
changes in waviness and can distinguish or detect regions where waviness changes 
rapidly. In addition, parameters obtained from this analysis technique may be used to 
determine the potential for voids or leakage between mating surfaces, such as 
between a gasket and a machined surface, before the time, labor, and expense of 
building a final assembly is incurred. 

[Para 54] While the best mode for carrying out the invention has been 

described in detail, those familiar with the art to which this invention relates will 
recognize various alternative designs and embodiments for practicing the invention as 
defined by the following claims. 
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